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Background: β-adrenergic receptors play an important role in mitigating the pressor
effects of sympathetic nervous system activity in young women. Based on recent data
showing oral contraceptive use in women abolishes the relationship between muscle
sympathetic nervous system activity and blood pressure, we hypothesized forearm blood
flow responses to a β-adrenergic receptor agonist would be greater in young women
currently using oral contraceptives (OC+, n = 13) when compared to those not using
oral contraceptives (OC–, n = 10).
Methods: Women (18–35 years) were studied during the early follicular phase
of the menstrual cycle (days 1–5) or placebo phase of oral contraceptive use.
Forearm blood flow (FBF, Doppler ultrasound) and mean arterial blood pressure (MAP,
brachial arterial catheter) were measured at baseline and during graded brachial
artery infusion of the β-adrenergic receptor agonist, Isoproterenol (ISO), as well
as Acetylcholine (ACH, endothelium-dependent vasodilation) and Nitroprusside (NTP,
endothelium-independent vasodilation). Forearm vascular conductance was calculated
(FVC = FBF/MAP, ml/min/100 mmHg) and the rise in FVC from baseline during infusion
quantified vasodilation (1FVC = FVCinfusion − FVCbaseline).
Results: ISO increased FVC in both groups (p < 0.01) and ISO-mediated ∆FVC was
greater in OC+ compared to OC– (Main effect of group, p = 0.02). Expressing data as
FVC and FBF resulted in similar conclusions. FVC responses to both ACH and NTP were
also greater in OC+ compared to OC–.
Conclusions: These data are the first to demonstrate greater β-adrenergic
receptor-mediated vasodilation in the forearm of women currently using oral
contraceptives (placebo phase) when compared to those not using oral contraceptives
(early follicular phase), and suggest oral contraceptive use influences neurovascular
control.
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INTRODUCTION
Approximately 80% of American women will use oral
contraceptives in their lifetimes (Shufelt and Bairey Merz, 2009;
Boldo andWhite, 2011; Maguire andWesthoff, 2011). Therefore,
understanding how oral contraceptives alter β-adrenergic
mediated vasodilation and influence neurovascular control holds
great clinical relevance. Although oral contraceptive use has
been linked to improved vascular function, including increases
in endothelial dependent vasodilation (Simoncini et al., 2007;
Meendering et al., 2010), there are consistent reports that women
using oral contraceptive pills exhibit higher systemic blood
pressure (Narkiewicz et al., 1995; Cardoso et al., 1997; Boldo and
White, 2011; Brito et al., 2011; Maguire and Westhoff, 2011).
β-adrenergic receptors are known to play an important role
in mitigating the pressor effects of sympathetic nervous system
activity in young women (Hart et al., 2011). For example,
young men exhibit a positive relationship between sympathetic
nervous system activity and total peripheral resistance (Hart
et al., 2011). This relationship, however, is only observed in
young women following β-adrenoceptor blockade (Hart et al.,
2011). With this information in mind, we sought to examine
the effect of current oral contraceptive use on β-adrenergic
receptor mediated vasodilation using an isolated forearm model.
Based on recent data showing oral contraceptive use in women
abolishes the relationship between muscle sympathetic nervous
system activity and blood pressure when assessed during the
early follicular/placebo pill phase (Harvey et al., 2015), we
hypothesized β-adrenergic receptor mediated vasodilation would
be greater in young, healthy women using oral contraceptives
(placebo phase) when compared to those not currently using oral
contraceptives (early follicular phase).
MATERIALS AND METHODS
A retrospective analysis was conducted on data collected from
33 women who participated in two previous studies from
our laboratory between May 2012 and March 2015 (Harrell
et al., 2015; Limberg et al., 2016). All women were healthy,
non-smokers, non-obese, were not taking any cardiovascular
medications and reported being sedentary (<60 min of aerobic
exercise per week, as determined by self-report). Because the
risk of adverse events with oral contraceptive use increases
with age and use is not encouraged in women who are >35
years, we restricted our study participants to premenopausal
women between the ages of 18 and 35 years (Harvey et al.,
2015). From the 33 women initially studied, 2 women >35
years of age were excluded and 8 women taking non-oral
forms of hormonal contraception (e.g., intrauterine device,
transdermal patch, vaginal ring, etc.) were also excluded.
Women were not pregnant (confirmed by negative pregnancy
test on the study day) and were studied during the early
follicular phase (day 1–5) of the menstrual cycle or placebo
phase of oral contraceptive use (i.e., >24 h following the last
“active” pill; type of oral contraceptive was not controlled for;
see Table S1). This was confirmed by the start of menses
1–5 days before study participation. Subjects underwent a
minimum 10-h fast, and refrained from exercise, non-steroidal
anti-inflammatory drugs, alcohol, and caffeine for 24-h prior
to the study visit. Written informed consent was obtained
from all subjects. All procedures were approved by the
Institutional Review Board at the University of Wisconsin—
Madison and conformed to the standards set by the Declaration
of Helsinki.
Forearm blood flow (artery diameter, blood velocity) was
measured using Doppler ultrasound (Vivid 7, General Electric;
Milwaukee, WI, USA) with the subject resting supine using
methods published previously (Limberg et al., 2013; Ranadive
et al., 2014; Kellawan et al., 2015). TheDoppler audio information
from the ultrasound was converted into a digital signal using
Fast Fourier Transform (Herr et al., 2010). Beat-to-beat brachial
artery blood velocity and blood pressure (Arterial catheter;
Transpac IV Monitoring Kit; ICUmedical; San Clemente, CA)
were obtained throughout each trial.
Microvascular function was assessed by local infusion of
drugs via brachial artery catheter, a widely accepted approach
(Dwivedi et al., 2005; Casey and Joyner, 2011; Casey et al.,
2011; Joyner and Casey, 2015). The brachial artery catheter
was placed in the antecubital fossa of the non-dominant arm
(the dominant arm was studied in 1 woman in the oral
contraceptive group due to variations in the branching pattern
of the brachial artery in the non-dominant arm that precluded
study with Doppler ultrasound). All drugs were dosed to lean
forearm mass as determined by DEXA using doses similar
to those published previously. Isoproterenol (Isoproterenol
Hydrochloride Injection, Marathon Pharmaceuticals, LLC) was
infused at four separate doses (1, 3, 6, and 12 ng/100 g lean
tissue/min) to assess β-adrenergic receptormediated vasodilation
(Eisenach et al., 2006, 2014; Harvey et al., 2014). Nitroprusside
(Nitropress, Hospira Inc) was infused at 3 separate doses (0.5,
1.0, and 2.0 µg/100 g lean tissue/min) to assess smooth muscle
responsiveness to exogenous nitric oxide (Harrell et al., 2015).
Due to the retrospective nature of the study, Acetylcholine
(Michol-E, Novartis Pharmaceuticals) was infused at 3 separate
doses (1, 4, and 16 µg/100 g lean tissue/min) to assess
endothelial function in a sub-set of subjects (Control, n = 6;
Oral Contraceptive, n = 8) (Harrell et al., 2015). Each trial
(Isoproterenol, Nitroprusside, Acetylcholine) was separated by a
minimum of 10 min to ensure hemodynamic variables returned
to baseline levels and drug orders were randomized. Trials
consisted of 2 min of resting data followed by a 3-min infusion
of each drug dose (for a total of ∼9–12 min per infusion
trial).
Data were sampled in real time with signal-processing
software (PowerLab, ADinstruments, Colorado Springs, CO),
digitized, and analyzed off-line. Post-processing using PowerLab
Chart5 software yielded mean blood velocity and blood pressure.
Steady-state hemodynamics were measured during the last 30-
s of saline and each drug dose. Diameter measurements were
taken immediately before increasing dosage, were assessed off-
line from B-mode images, and were taken as the median of five
measurements in late diastole. Blood flow was calculated as the
product of mean blood velocity (cm/s) and vessel cross sectional
area (radius in cm2) and was reported inmL/min/100 g leanmass
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[(blood velocity) (cross sectional area) (60 s/min)÷ forearm lean
mass]. To account for potential changes in blood pressure and
assess vasodilation, vascular conductance (mL/min/100 g/100
mmHg) was calculated [Blood flow ÷ Mean arterial blood
pressure].
The primary analysis was to examine the effect of current
oral contraceptive use on Isoproterenol-mediated vasodilation.
The secondary analysis was to examine the effect of current oral
contraceptive use on Nitroprusside- and Acetylcholine-mediated
vasodilation. To account for any group differences in resting
vascular conductance, the main dependent variable was a change
in forearm vascular conductance (FVC) from baseline levels
(1FVC= FVCcondition − FVCrest).
Statistical analysis was completed using SigmaStat 12.0
software (Systat Software Inc., San Jose, CA, USA). Subject
characteristics were compared using a Student’s unpaired t-test,
and hemodynamic variables were analyzed using an analysis of
variance approach to determine the significance of the fixed effect
of group and dose, in addition to group-by-dose interactions.
Student-Neuman-Keuls post hoc comparisons were performed
when significant effects were observed. All data are presented
as Mean ± Standard error of the mean, and significance was
determined a priori at p≤ 0.05. Sample size was determined using
group differences from previously published data [minimum
detectable difference in means of 1.9 mL/min/100 mL/mmHg;
expected standard deviation of residuals of 1.4mL/min/100
mL/mmHg] (Harvey et al., 2014).With these data, we determined
10 subjects would provide 80% power to detect a significant
difference in forearm vascular conductance at the α= 0.05 level.
RESULTS
Data from 23 young, healthy women (Control, n = 10; Oral
contraceptive, n = 13) were included in the current study
(Table 1). Groups were not different in regard to age, height,
weight, body mass index, lean forearm mass, or fasting glucose
levels (p > 0.05). Women currently taking oral contraceptives
exhibited significantly higher body fat and total cholesterol
when compared to control women (Table 1; p = 0.01 and p
< 0.01, respectively). In addition, mean arterial blood pressure
(∼2–4 mmHg) and heart rate (∼5–10 beat/min) were elevated in
women currently taking oral contraceptives when compared with
control women (Tables 2–4). No group differences in brachial
artery diameter were observed under any condition (Tables 2–4).
Isoproterenol infusion (Control, n = 10; Oral contraceptive,
n = 13) resulted in a dose-dependent increase in vascular
conductance (Table 2, Figure 1; Main effect of ISO p < 0.001).
Isoproterenol-mediated vasodilation was greater in women
taking oral contraceptives when compared to control women
(Figure 1; Main effect of group, p = 0.002). Similarly, the rise
(1) in vascular conductance from baseline with Isoproterenol
infusion was greater in women taking oral contraceptives when
compared to controls (Figure 1; Main effect of group, p =
0.012). No group-by-dose interactions were observed. Similar
observations were made when results were assessed as forearm
blood flow.
TABLE 1 | Subject Demographics.
Control Oral Contraceptive p-value
(n = 10) (n = 13)
Age (yrs) 24±1 22± 1 0.22
Height (cm) 165±2 167± 1 0.49
Weight (kg) 57±2 62± 1 0.06
BMI (kg/m2) 21±1 22± 1 0.09
Body fat (%) 29±2 36± 1 0.01
Lean forearm mass (g) 555±24 589± 19 0.27
Glucose (mg/dL) 75±2 70± 3 0.19
Total cholesterol (mg/dL) 142±8 189± 10 <0.01
Data are presented as Mean ± SEM. BMI = body mass index. Body fat determined by
DEXA. Bold values highlight significance.
Acetylcholine was infused in a sub-set of subjects (Control,
n= 6; Oral Contraceptive, n= 8). Acetylcholine infusion resulted
in a dose-dependent increase in vascular conductance (Table 3,
Figure 2; Main effect of ACH p< 0.001). Acetylcholine-mediated
vasodilation was greater in women taking oral contraceptives
when compared to control women (Figure 2; Main effect of
group, p= 0.007). Similarly, the rise (1) in vascular conductance
from baseline with Acetylcholine infusion was greater in women
taking oral contraceptives when compared to controls (Figure 2;
Main effect of group, p = 0.006). No group-by-dose interactions
were observed. Similar observations were made when results
were assessed as forearm blood flow.
Nitroprusside infusion (Control, n = 10; Oral contraceptive,
n = 13) resulted in a dose-dependent increase in vascular
conductance (Table 4, Figure 3; Main effect of NTP p < 0.001).
Nitroprusside-mediated vasodilation was greater in women
taking oral contraceptives when compared to control women
(Figure 3; Main effect of group, p = 0.015). Similarly, the rise
(1) in vascular conductance from baseline with Nitroprusside
infusion was greater in women taking oral contraceptives when
compared to controls (Figure 3; Main effect of group, p =
0.032). No group-by-dose interactions were observed. Similar
observations were made when results were assessed as forearm
blood flow.
DISCUSSION
This is the first study to directly test the hypothesis that oral
contraceptive use increases β-adrenergic vasodilation. Novel
findings from the present study show that Isoproterenol-
mediated vasodilation in the forearm is higher in young
women currently using oral contraceptives when compared to
women with natural menstrual cycles studied during the placebo
pill/early follicular phase (Table 2, Figure 1).
There are several mechanisms by which oral contraceptive
use may increase β-adrenergic receptor mediated vasodilation.
First, although doses of estradiol used in oral contraceptive pills
are considered very low, they are physiologically higher than
naturally circulating sex hormones. Estrogen can increase nitric
oxide availability (Kleinert et al., 1998; Cicinelli et al., 1999)
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TABLE 2 | Effect of Isoproterenol in women using oral contraceptives.
Control Oral Main Main
(n = 10) Contraceptive effect of effect of
(n = 13) Isoproterenol Group
DIAMETER (cm)
Baseline 0.33±0.01 0.33± 0.01 0.565 0.885
1 ng/100 g/min 0.34±0.01 0.34± 0.01
3 ng/100 g/min 0.34±0.01 0.34± 0.01
6 ng/100 g/min 0.34±0.01 0.34± 0.01
12 ng/100 g/min 0.34±0.01 0.35± 0.01
HEART RATE (beats/min)
Baseline 57±3 66± 2 0.929 <0.001
1 ng/100 g/min 60±2 65± 2
3 ng/100 g/min 59±3 65± 2
6 ng/100 g/min 59±3 66± 2
12 ng/100 g/min 59±3 68± 2
MEAN ARTERIAL BLOOD PRESSURE (mmHg)
Baseline 83±2 87± 2 0.0963 0.002
1 ng/100 g/min 83±2 86± 2
3 ng/100 g/min 81±2 86± 2
6 ng/100 g/min 82±2 87± 2
12 ng/100 g/min 82±3 87± 3
FOREARM BLOOD FLOW (mL/min/100 g)
Baseline 4.9±0.9 6.1± 0.6 <0.001 <0.001
1 ng/100 g/min 7.1±0.8 9.0± 0.8
3 ng/100 g/min 9.3±0.9A 13.0± 1.1A
6 ng/100 g/min 13.4±1.8ABC 17.7± 1.8ABC
12 ng/100 g/min 16.0±1.7ABC 21.6± 1.9ABC
FOREARM VASCULAR CONDUCTANCE (mL/min/100 g/100 mmHg)
Baseline 5.8±1.0 7.1± 0.7 <0.001 0.002
1 ng/100 g/min 8.4±0.8 10.6± 1.1
3 ng/100 g/min 11.4±0.9A 15.5± 1.6A
6 ng/100 g/min 16.4±2.2ABC 20.9± 2.6ABC
12 ng/100 g/min 19.3±1.7ABC 25.5± 2.7ABC
Data are presented as Mean ± SEM. Ap < 0.05 vs. Baseline; Bp < 0.05 vs. 1 ng/100
g/min; Cp < 0.05 vs. 3 ng/100 g/min. From the initial model which included Group-by-
Isoproterenol interaction effect, no significant interaction was detected (p > 0.05). Bold
values highlight significance.
and, although controversy exists (Limberg et al., 2016), it is
thought that β-adrenergic receptors cause vasodilation partially
through a nitric oxide mechanism (Cardillo et al., 1997; Ferro
et al., 1999; Kneale et al., 2000; Jordan et al., 2001). Second,
oral contraceptives can suppress androgen levels (Wiegratz
et al., 1995; Coenen et al., 1996) and androgen suppression
has been shown to increase endothelium-dependent vasodilation
(Herman et al., 1997). Third, estrogen may also have a direct
effect on β-adrenergic receptors through an endothelium-
independent mechanism (Ferrer et al., 1996). With these ideas
in mind, we explored potential differences in smooth muscle
responsiveness to exogenous nitric oxide (Nitroprusside) and/or
endothelium-dependent vasodilation (Acetylcholine) between
women currently using oral contraceptives and women with
natural menstrual cycles.
TABLE 3 | Effect of Acetylcholine in women using oral contraceptives.
Control Oral Main Main
(n = 6) Contraceptive effect of effect of
(n = 8) Acetylcholine Group
Diameter (cm)
Baseline 0.35±0.02 0.34± 0.01 0.090 0.582
1 µg/100 g/min 0.34±0.02 0.35± 0.01
4 µg/100 g/min 0.36±0.02 0.37± 0.01
16 µg/100 g/min 0.37±0.02 0.38± 0.01
Heart Rate (beats/min)
Baseline 54±3 65± 3 0.983 <0.001
1 µg/100 g/min 55±3 66± 3
4 µg/100 g/min 54±3 64± 2
16 µg/100 g/min 56±4 64± 2
Mean Arterial Blood Pressure (mmHg)
Baseline 83±4 85± 3 0.843 0.905
1 µg/100 g/min 83±3 84± 3
4 µg/100 g/min 81±4 81± 3
16 µg/100 g/min 83±5 81± 3
Forearm Blood Flow (mL/min/100 g)
Baseline 7.0±1.0 6.8± 0.8 <0.001 0.004
1 µg/100 g/min 8.7±2.6 13.2± 4.7
4 µg/100 g/min 21.9±5.7AB 35.5± 6.3AB
16 µg/100 g/min 33.3±5.1ABC 62.0± 8.8ABC
Forearm Vascular Conductance (mL/min/100 g/100 mmHg)
Baseline 8.2±0.9 8.1± 1.1 <0.001 0.007
1 µg/100 g/min 10.5±3.4 16.0± 5.9
4 µg/100 g/min 27.9±7.8AB 43.2± 7.6AB
16 µg/100 g/min 41.9±7.4ABC 76.2± 10.8ABC
Data are presented as Mean ± SEM. Ap < 0.05 vs. Baseline; Bp < 0.05 vs. 1 µg/100
g/min; Cp < 0.05 vs. 4 µg/100 g/min. From the initial model which included Group-by-
Acetylcholine interaction effect, no significant interaction was detected (p > 0.05). Bold
values highlight significance.
We observed higher Acetylcholine-mediated vasodilation in
the women using oral contraceptive pills when compared to
women with natural menstrual cycles (Figure 2). In contrast,
Virdis and colleagues reported that 6-months of hormonal
contraceptive use did not affect microcirculatory responses
to Acetylcholine (Virdis et al., 2003). Additionally, John and
colleagues found similar Acetylcholine-mediated vasodilation
between women using oral contraception versus those who were
not currently using oral contraceptive pills (John et al., 2000).
However, both studies focused on women during the follicular
phase of the menstrual cycle (∼day 12), characterized by high
serum estradiol levels (John et al., 2000; Virdis et al., 2003). With
our new findings, it appears that improvements in endothelial
function with oral contraceptive use may be similar in magnitude
to increased function observed during the follicular phase of the
menstrual cycle in normally cycling women.
Vasodilatory responses to exogenous nitric oxide
administration (Nitroprusside) have been shown to be similar
between women using oral contraceptive pills and those with
natural menstrual cycles (John et al., 2000; Virdis et al., 2003).
In contrast, we found that women using oral contraceptives
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TABLE 4 | Effect of Nitroprusside in women using oral contraceptives.
Control Oral Main Main
(n = 10) Contraceptive effect of effect of
(n = 13) Nitroprusside Group
Diameter (cm)
Baseline 0.34± 0.01 0.33± 0.01 <0.001 0.072
0.5 µg/100 g/min 0.35± 0.01A 0.35± 0.01A
1.0 µg/100 g/min 0.37± 0.01A 0.36± 0.01A
2.0 µg/100 g/min 0.39± 0.01ABC 0.38± 0.01ABC
Heart Rate (beats/min)
Baseline 59± 3 65± 3 0.329 <0.001
0.5 µg/100 g/min 57± 2 68± 4
1.0 µg/100 g/min 60± 2 71± 3
2.0 µg/100 g/min 62± 3 72± 3
Mean Arterial Blood Pressure (mmHg)
Baseline 86± 3 90± 2 0.009 0.039
0.5 µg/100 g/min 79± 3A 85± 3A
1.0 µg/100 g/min 79± 3A 82± 2A
2.0 µg/100 g/min 78± 2A 80± 3A
Forearm Blood Flow (mL/min/100 g)
Baseline 5.8± 0.9 6.9± 0.7 <0.001 0.004
0.5 µg/100 g/min 20.3± 3.5A 24.0± 2.7A
1.0 µg/100 g/min 22.8± 3.9A 32.2± 3.5A
2.0 µg/100 g/min 28.6± 5.0ABC 40.7± 3.1ABC
Forearm Vascular Conductance (mL/min/100 g/100 mmHg)
Baseline 6.7± 0.9 7.7± 0.8 <0.001 0.015
0.5 µg/100 g/min 25.6± 4.3A 28.6± 3.8A
1.0 µg/100 g/min 28.9± 4.9A 39.7± 4.9A
2.0 µg/100 g/min 36.7± 6.2ABC 53.0± 5.7ABC
Data are presented as Mean ± SEM. Ap < 0.05 vs. Baseline; Bp < 0.05 vs. 0.5 µg/100
g/min; Cp < 0.05 vs. 1.0 µg/100 g/min. From the initial model which included Group-by-
Nitroprusside interaction effect, no significant interaction was detected (p > 0.05). Bold
values highlight significance.
demonstrated greater Nitroprusside responses (Figure 3). As
noted above, differences in study design (studying women on
days 1–5 vs. day 12 of the menstrual cycle) may have contributed
to discrepancies between findings. On the other hand, L-NMMA
(a nitric oxide synthase inhibitor) reduced basal forearm
blood flow more in women using oral contraception when
compared to those without (John et al., 2000). Taken together,
it is reasonable to propose: (1) the vascular smooth muscle is
more responsive to exogenous nitric oxide in women currently
using oral contraceptives (Figure 3), (2) oral contraceptive
use increases nitric oxide production and/or release (John
et al., 2000), and/or (3) any increase in responsiveness to
nitric oxide may be due to changes in female sex hormone
levels (John et al., 2000). Future studies using nitric oxide
synthase inhibition will be necessary to adequately address such
possibilities.
CLINICAL IMPLICATIONS
Approximately 80% of women in the United States will use
oral contraceptive pills during their lifetime (Shufelt and Bairey
FIGURE 1 | Effect of Isoproterenol on forearm vascular conductance in
women using oral contraceptives. (Control, n = 10; Oral contraceptive, n
= 13) Isoproterenol infusion resulted in a dose-dependent increase in vascular
conductance in both groups (p < 0.001). The rise in vascular conductance
from baseline with Isoproterenol infusion was greater in women taking oral
contraceptives when compared to controls (p = 0.012). Data are presented as
Mean ± SEM. *p < 0.05 vs. Control; Bp < 0.05 vs. 1 ng/100 g/min; Cp
< 0.05 vs. 3 ng/100 g/min.
FIGURE 2 | Effect of Acetylcholine on forearm vascular conductance in
women using oral contraceptives. (Control, n = 6; Oral contraceptive, n =
8) Acetylcholine infusion resulted in a dose-dependent increase in vascular
conductance (p < 0.001). The rise in vascular conductance from baseline with
Acetylcholine infusion was greater in women taking oral contraceptives when
compared to controls (p = 0.006). Data are presented as Mean ± SEM. *p
< 0.05 vs. Control; Bp < 0.05 vs. 1 µg/100 g/min; Cp < 0.05 vs. 4
µg/100 g/min.
Merz, 2009; Boldo and White, 2011; Maguire and Westhoff,
2011). Present novel findings indicate oral contraceptive use
produces a broad, positive impact on peripheral skeletal muscle
microvascular function, including greater β-adrenergic receptor
mediated vasodilation, as well as endothelium-dependent and
-independent vasodilation that is observed even during the
placebo pill phase. Consistent with greater vasodilation, women
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FIGURE 3 | Effect of Nitroprusside on forearm vascular conductance in
women using oral contraceptives. (Control, n = 10; Oral contraceptive,
n = 13) Nitroprusside infusion resulted in a dose-dependent increase in
vascular conductance. The rise in vascular conductance from baseline with
Nitroprusside infusion was greater in women taking oral contraceptives when
compared to controls (p = 0.032). Data are presented as Mean±SEM. *p
< 0.05 vs. Control; Bp < 0.05 vs. 0.05 µg/100 g/min; Cp < 0.05 vs/ 1.0
µg/100 g/min.
using oral contraceptives appear to exhibit less sympathetic
support of blood pressure (Harvey et al., 2015). Many have
speculated this effect to be due to greater β-adrenergic receptor
mediated vasodilation (Hart et al., 2011; Joyner et al., 2016)
and our data directly support this hypothesis. With this
in mind, it may be surprising that the women currently
using oral contraceptives exhibited mildly elevated blood
pressures (∼2–4 mmHg) when compared with control women
(Tables 2–4). Oral contraceptive use has been associated with
increased blood pressure (Narkiewicz et al., 1995; Cardoso et al.,
1997; Boldo and White, 2011; Brito et al., 2011; Maguire and
Westhoff, 2011) independent of changes in muscle sympathetic
nervous system activity (Harvey et al., 2015). Although exact
mechanisms are unknown, this may be the result of increased
plasma volume (Stachenfeld and Taylor, 2005; Cherney et al.,
2007) and/or increased activity of the renin-angiotensin-
aldosterone system (Gordon et al., 1992; Oelkers, 1996; Kang
et al., 2001). Therefore, despite the positive impact of oral
contraceptive use on peripheral vascular function—as suggested
by the present findings—combined effects of oral contraceptives
on other physiological control mechanisms likely attenuate this
“protective effect” when systemic blood pressure is examined.
However, any effect is likely cyclical, given blood pressure
is often lower during the active phase of oral contraceptive
use when compared to the placebo phase (Meendering et al.,
2010).
EXPERIMENTAL CONSIDERATIONS
This is the first study to examine β-adrenergic receptor
mediated vasodilation in women using oral contraceptives and
potential contributing mechanisms. Despite this, there are some
important experimental considerations. First, this study is a
post-hoc analysis and therefore women were taking different
formulations of oral contraceptive pills. However, the majority
(70%) of participants were known to be using third- and fourth-
generation formulations (Supplemental Table S1), which have
been shown to have beneficial, rather than detrimental, effects
on endothelial function (Simoncini et al., 2007; Meendering
et al., 2010) and this is reflected in observed increases in
endothelium-dependent vasodilation. Second, the duration of
oral contraceptive use is unknown; however, duration of
contraceptive use has been shown previously to have little-to-
no effect on vascular function (Friedman et al., 2011). Third,
women taking oral contraceptives had significantly higher body
fat percentage, blood pressure, and total cholesterol (Tables 1–
2). Consistent with this, changes in lipid profile have been
shown previously with oral contraceptive use (Sitruk-Ware, 2006;
Shufelt and Bairey Merz, 2009). However, these factors should
contribute to lower endothelium-dependent vasodilation, rather
than higher (Virdis et al., 2003) and therefore would likely lead us
to underestimate group differences. Lastly, we did not measure
sex hormone levels. However, based on previous literature,
including data from our laboratory (Peltonen et al., 2015), we
are confident endogenous female sex hormones were low in
both groups when studied during the early follicular/placebo
phases (Aden et al., 1998). Despite relatively low hormone
levels in both groups, significant differences in β-adrenergic
mediated vasodilation were observed. These data may support
the possibility of a carry-over effect from the prior active pill
phase, although future studies will be necessary to examine this
possibility.
CONCLUSION
This is the first study to directly test the hypothesis that
oral contraceptive use increases β-adrenergic receptor mediated
vasodilation in the forearm skeletal muscle microcirculation
of young, premenopausal women. Present novel findings show
greater forearm β-adrenergic receptor mediated vasodilation, as
well as endothelium-dependent and -independent vasodilation,
in women currently using oral contraceptives when studied
during the placebo phase. Taken together, these data provide
important new insight into the effect of oral contraceptive use
on vascular function, which may have important implications for
neurovascular control in both health and disease.
AUTHOR CONTRIBUTIONS
WS provided oversight; JL and WS designed study; JL, GP, RJ,
JH, JK, ME, JS, BW, and WS collected, analyzed, and interpreted
data; JL, GP, and WS drafted manuscript; JL, GP, RJ, JH, JK, ME,
JS, BW, and WS revised manuscript.
FUNDING
NIH HL 105820 (WS), NIH F32 HL120570 (JL).
Frontiers in Physiology | www.frontiersin.org 6 June 2016 | Volume 7 | Article 215
Limberg et al. Oral Contraceptives and β-Adrenergic Dilation
ACKNOWLEDGMENTS
Our deepest appreciation and thanks to our research participants.
The authors also wish to thank Meghan Crain, Josh Trierweiler,
Cameron Rousseau, Brady Ernst, and Mariah Marino.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fphys.
2016.00215
REFERENCES
Aden, U., Jung-Hoffmann, C., and Kuhl, H. (1998). A randomized cross-over
study on various hormonal parameters of two triphasic oral contraceptives.
Contraception 58, 75–81. doi: 10.1016/S0010-7824(98)00071-7
Boldo, A., andWhite, W. B. (2011). Blood pressure effects of the oral contraceptive
and postmenopausal hormone therapies. Endocrinol. Metab. Clin. North Am.
40, 419–432, ix. doi: 10.1016/j.ecl.2011.01.008
Brito, M. B., Nobre, F., and Vieira, C. S. (2011). Hormonal contraception and
cardiovascular system. Arq. Bras. Cardiol. 96, e81–e89. doi: 10.1590/S0066-
782X2011005000022
Cardillo, C., Kilcoyne, C. M., Quyyumi, A. A., Cannon, R. O. III., and Panza, J.
A. (1997). Decreased vasodilator response to isoproterenol during nitric oxide
inhibition in humans.Hypertension 30, 918–921. doi: 10.1161/01.HYP.30.4.918
Cardoso, F., Polonia, J., Santos, A., Silva-Carvalho, J., and Ferreira-de-Almeida, J.
(1997). Low-dose oral contraceptives and 24-hour ambulatory blood pressure.
Int. J. Gynaecol. Obstet. 59, 237–243. doi: 10.1016/S0020-7292(97)00239-7
Casey, D. P., and Joyner, M. J. (2011). Prostaglandins do not contribute to the
nitric oxide-mediated compensatory vasodilation in hypoperfused exercising
muscle. Am. J. Physiol. Heart and Circ. Physiol. 301, H261–H268. doi:
10.1152/ajpheart.00222.2011
Casey, D. P., Walker, B. G., Curry, T. B., and Joyner, M. J. (2011). Ageing reduces
the compensatory vasodilatation during hypoxic exercise: the role of nitric
oxide. J. Physiol. 589, 1477–1488. doi: 10.1113/jphysiol.2010.203539
Cherney, D. Z., Scholey, J. W., Cattran, D. C., Kang, A. K., Zimpelmann, J.,
Kennedy, C., et al. (2007). The effect of oral contraceptives on the nitric oxide
system and renal function.Am. J. Physiol. Renal Physiol. 293, F1539–F1544. doi:
10.1152/ajprenal.00351.2007
Cicinelli, E., Ignarro, L. J., Matteo, M. G., Galantino, P., Schonauer, L. M., and
Falco, N. (1999). Effects of estrogen replacement therapy on plasma levels of
nitric oxide in postmenopausal women. Am. J. Obstet. Gynecol. 180, 334–339.
doi: 10.1016/S0002-9378(99)70209-7
Coenen, C. M., Thomas, C. M., Borm, G. F., Hollanders, J. M., and Rolland,
R. (1996). Changes in androgens during treatment with four low-dose
contraceptives. Contraception 53, 171–176. doi: 10.1016/0010-7824(96)00006-6
Dwivedi, R., Saha, S., Chowienczyk, P. J., and Ritter, J. M. (2005). Block of inward
rectifying K+ channels (KIR) inhibits bradykinin-induced vasodilatation in
human forearm resistance vasculature. Arterioscler. Thromb. Vasc. Biol. 25,
e7–e9. doi: 10.1161/01.ATV.0000152610.40086.31
Eisenach, J. H., Schroeder, D. R., Pavey, E. S., Penheiter, A. R., Knutson, J. N.,
Turner, S. T., et al. (2014). Interactions between beta-2 adrenoceptor gene
variation, cardiovascular control and dietary sodium in healthy young adults. J.
Physiol. 592, 5221–5233. doi: 10.1113/jphysiol.2014.276469
Eisenach, J. H., Schroeder, D. R., Pike, T. L., Johnson, C. P., Schrage, W. G., Snyder,
E. M., et al. (2006). Dietary sodium restriction and beta2-adrenergic receptor
polymorphism modulate cardiovascular function in humans. J. Physiol. 574,
955–965. doi: 10.1113/jphysiol.2006.112102
Ferrer, M., Meyer, M., and Osol, G. (1996). Estrogen replacement increases beta-
adrenoceptor-mediated relaxation of rat mesenteric arteries. J. Vasc. Res. 33,
124–131. doi: 10.1159/000159140
Ferro, A., Queen, L. R., Priest, R. M., Xu, B., Ritter, J. M., Poston, L., et al.
(1999). Activation of nitric oxide synthase by beta 2-adrenoceptors in human
umbilical vein endothelium in vitro. Br. J. Pharmacol. 126, 1872–1880. doi:
10.1038/sj.bjp.0702512
Friedman, J., Cremer, M., Jelani, Q. U., Huang, X., Jian, J., Shah, S., et al. (2011).
Oral contraceptive use, iron stores and vascular endothelial function in healthy
women. Contraception 84, 285–290. doi: 10.1016/j.contraception.2011.01.012
Gordon, M. S., Chin, W. W., and Shupnik, M. A. (1992). Regulation of
angiotensinogen gene expression by estrogen. J. Hypertens. 10, 361–366. doi:
10.1097/00004872-199204000-00007
Harrell, J. W., Johansson, R. E., Evans, T. D., Sebranek, J. J., Walker, B. J., Eldridge,
M. W., et al. (2015). Preserved microvascular endothelial function in young,
obese adults with functional loss of nitric oxide signaling. Front. Physiol. 6:387.
doi: 10.3389/fphys.2015.00387
Hart, E. C., Charkoudian, N., Wallin, B. G., Curry, T. B., Eisenach, J., and Joyner,
M. J. (2011). Sex and ageing differences in resting arterial pressure regulation:
the role of the beta-adrenergic receptors. J. Physiol. 589, 5285–5297. doi:
10.1113/jphysiol.2011.212753
Harvey, R. E., Barnes, J. N., Charkoudian, N., Curry, T. B., Eisenach, J. H., Hart,
E. C., et al. (2014). Forearm vasodilator responses to a beta-adrenergic receptor
agonist in premenopausal and postmenopausal women. Physiol. Rep. 2:e12032.
doi: 10.14814/phy2.12032
Harvey, R. E., Hart, E. C., Charkoudian, N., Curry, T. B., Carter, J. R., Fu, Q.,
et al. (2015). Oral Contraceptive Use, Muscle Sympathetic Nerve Activity, and
Systemic Hemodynamics in Young Women. Hypertension 66, 590–597. doi:
10.1161/HYPERTENSIONAHA.115.05179
Herman, S. M., Robinson, J. T., McCredie, R. J., Adams, M. R., Boyer, M. J., and
Celermajer, D. S. (1997). Androgen deprivation is associated with enhanced
endothelium-dependent dilatation in adult men. Arterioscler. Thromb. Vasc.
Biol. 17, 2004–2009. doi: 10.1161/01.ATV.17.10.2004
Herr, M. D., Hogeman, C. S., Koch, D. W., Krishnan, A., Momen, A., and
Leuenberger, U. A. (2010). A real-time device for converting Doppler
ultrasound audio signals into fluid flow velocity. Am. J. Physiol. Heart Circ.
Physiol. 298, H1626–H1632. doi: 10.1152/ajpheart.00713.2009
John, S., Jacobi, J., Schlaich, M. P., Delles, C., and Schmieder, R. E. (2000). Effects
of oral contraceptives on vascular endothelium in premenopausal women. Am.
J. Obstet. Gynecol. 183, 28–33. doi: 10.1016/S0002-9378(00)37848-6
Jordan, J., Tank, J., Stoffels, M., Franke, G., Christensen, N. J., Luft, F. C., et al.
(2001). Interaction between beta-adrenergic receptor stimulation and nitric
oxide release on tissue perfusion and metabolism. J. Clin. Endocrinol. Metab.
86, 2803–2810. doi: 10.1210/jcem.86.6.7567
Joyner, M. J., and Casey, D. P. (2015). Regulation of increased blood flow
(hyperemia) to muscles during exercise: a hierarchy of competing physiological
needs. Physiol. Rev. 95, 549–601. doi: 10.1152/physrev.00035.2013
Joyner, M. J., Wallin, B. G., and Charkoudian, N. (2016). Sex differences
and blood pressure regulation in humans. Exp. Physiol. 101, 349–355. doi:
10.1113/EP085146
Kang, A. K., Duncan, J. A., Cattran, D. C., Floras, J. S., Lai, V., Scholey, J. W., et al.
(2001). Effect of oral contraceptives on the renin angiotensin system and renal
function. Am. J. Physiol. Regul. Integr. Comp. Physiol. 280, R807–R813.
Kellawan, J. M., Johansson, R. E., Harrell, J. W., Sebranek, J. J., Walker, B. J.,
Eldridge, M. W., et al. (2015). Exercise vasodilation is greater in women:
contributions of nitric oxide synthase and cyclooxygenase. Eur. J. Appl. Physiol.
115, 1735–1746. doi: 10.1007/s00421-015-3160-6
Kleinert, H., Wallerath, T., Euchenhofer, C., Ihrig-Biedert, I., Li, H., and
Forstermann, U. (1998). Estrogens increase transcription of the human
endothelial NO synthase gene: analysis of the transcription factors involved.
Hypertension 31, 582–588. doi: 10.1161/01.HYP.31.2.582
Kneale, B. J., Chowienczyk, P. J., Brett, S. E., Coltart, D. J., and Ritter, J. M.
(2000). Gender differences in sensitivity to adrenergic agonists of forearm
resistance vasculature. J. Am. Coll. Cardiol. 36, 1233–1238. doi: 10.1016/S0735-
1097(00)00849-4
Limberg, J. K., Harrell, J. W., Johansson, R. E., Eldridge, M. W., Proctor, L. T.,
Sebranek, J. J., et al. (2013). Microvascular function in younger adults with
Frontiers in Physiology | www.frontiersin.org 7 June 2016 | Volume 7 | Article 215
Limberg et al. Oral Contraceptives and β-Adrenergic Dilation
obesity and metabolic syndrome: role of oxidative stress. Am. J. Physiol. Heart
Circ. Physiol. 305, H1230–H1237. doi: 10.1152/ajpheart.00291.2013
Limberg, J. K., Johansson, R. E., Peltonen, G. L., Harrell, J. W., Kellawan, J. M.,
Eldridge, M. W., et al. (2016). Beta-adrenergic mediated vasodilation in young
men andwomen: Cyclooxygenase restrains nitric oxide synthase.Am. J. Physiol.
Heart Circ. Physiol. 310, H756–H764. doi: 10.1152/ajpheart.00886.2015
Maguire, K., and Westhoff, C. (2011). The state of hormonal contraception today:
established and emerging noncontraceptive health benefits. Am. J. Obstet.
Gynecol. 205, S4–S8. doi: 10.1016/j.ajog.2011.06.056
Meendering, J. R., Torgrimson, B. N., Miller, N. P., Kaplan, P. F., andMinson, C. T.
(2010). A combined oral contraceptive containing 30 mcg ethinyl estradiol and
3.0mg drospirenone does not impair endothelium-dependent vasodilation.
Contraception 82, 366–372. doi: 10.1016/j.contraception.2010.03.009
Narkiewicz, K., Graniero, G. R., D’Este, D., Mattarei, M., Zonzin, P., and Palatini,
P. (1995). Ambulatory blood pressure in mild hypertensive women taking
oral contraceptives. A case-control study. Am. J. Hypertens. 8, 249–253. doi:
10.1016/0895-7061(95)96212-3
Oelkers, W. K. (1996). Effects of estrogens and progestogens on the renin-
aldosterone system and blood pressure. Steroids 61, 166–171. doi:
10.1016/0039-128X(96)00007-4
Peltonen, G. L., Harrell, J. W., Rousseau, C. L., Ernst, B. S., Marino, M.
L., Crain, M. K., et al. (2015). Cerebrovascular regulation in men and
women: stimulus-specific role of cyclooxygenase. Physiol. Rep. 3:e12451. doi:
10.14814/phy2.12451
Ranadive, S. M., Joyner, M. J., Walker, B. G., Taylor, J. L., and Casey,
D. P. (2014). Effect of vitamin C on hyperoxia-induced vasoconstriction
in exercising skeletal muscle. J. Appl. Physiol. 117, 1207–1211. doi:
10.1152/japplphysiol.00073.2014
Shufelt, C. L., and Bairey Merz, C. N. (2009). Contraceptive hormone
use and cardiovascular disease. J. Am. Coll. Cardiol. 53, 221–231. doi:
10.1016/j.jacc.2008.09.042
Simoncini, T., Fu, X. D., Caruso, A., Garibaldi, S., Baldacci, C., Giretti, M. S.,
et al. (2007). Drospirenone increases endothelial nitric oxide synthesis via
a combined action on progesterone and mineralocorticoid receptors. Hum.
Reprod. 22, 2325–2334. doi: 10.1093/humrep/dem109
Sitruk-Ware, R. (2006). New progestagens for contraceptive use. Hum. Reprod.
Update 12, 169–178. doi: 10.1093/humupd/dmi046
Stachenfeld, N. S., and Taylor, H. S. (2005). Progesterone increases plasma
volume independent of estradiol. J. Appl. Physiol. 98, 1991–1997. doi:
10.1152/japplphysiol.00031.2005
Virdis, A., Pinto, S., Versari, D., Salvetti, G., Bernini, G., Fruzzetti, F.,
et al. (2003). Effect of oral contraceptives on endothelial function in the
peripheral microcirculation of healthy women. J. Hypertens. 21, 2275–2280.
doi: 10.1097/00004872-200312000-00015
Wiegratz, I., Jung-Hoffmann, C., and Kuhl, H. (1995). Effect of
two oral contraceptives containing ethinylestradiol and gestodene
or norgestimate upon androgen parameters and serum binding
proteins. Contraception 51, 341–346. doi: 10.1016/0010-7824(95)
00098-U
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Limberg, Peltonen, Johansson, Harrell, Kellawan, Eldridge,
Sebranek, Walker and Schrage. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Physiology | www.frontiersin.org 8 June 2016 | Volume 7 | Article 215
